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When a droplet impacts a fabric mesh at a sufficiently high impact velocity, it not only spreads
over the fabric but also penetrate its pores. To determine the influence of this liquid penetration
of the fabric on droplet spreading on thin fabric meshes, we measured the droplet spreading ratio
on fabric with and without an underlying substrate using a high-speed camera. For fabrics without
a substrate, the droplet spreading ratio is reduced as the fabric penetration by the liquid reduces
the droplet volume spreading on top of the fabric. Using entropic lattice Boltzmann simulations,
we find that the lower droplet spreading ratio on fabrics, both with and without a substrate, is due
to an increase of viscous losses inside the droplet during spreading. Comparing droplet impact of
blood with its Newtonian counterpart, we show that for spreading on fabrics, just like on smooth
surfaces, blood can be approximated as a Newtonian fluid.
I. INTRODUCTION
Although the impact of a droplet onto a surface is a
commonly occurring phenomenon, it has proven to be
an interesting field of study due to the intricate interplay
between inertial, capillary and viscous forces inside the
droplet during impact. Studies have shown that a wide
range of interesting physical phenomena during impact
can occur: the droplet can simply spread over the surface
[1–4], but small satellite droplets can also detach from
the droplet due to the interaction with the surrounding
air (splashing) at high impact velocities [5–7]. Droplets
can even completely bounce off the surface [8–10]. These
phenomena depend not only on fluid parameters such as
viscosity or surface tension, but also on the atmospheric
conditions of the surrounding gas [11–16] and surface
properties such as wettability [4] and surface roughness
[17].
During impact, a droplet with initial diameter D0
hits a surface at an impact velocity v, spreading out
until it reaches a maximum spreading diameter Dmax.
Recent studies [1, 2, 18] have established the relationship
between droplet spreading ratio Dmax/D0 and density
ρ, shear rate viscosity η and surface tension σ of the
fluid by interpolating between two droplet spreading
regimes where the kinetic energy of the droplet is
either fully transformed into surface energy (capillary
regime; Dmax/D0 ∝ We1/2) [19] or fully dissipated by
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the viscous forces inside the droplet (viscous regime;
Dmax/D0 ∝ Re1/5) [20, 21]. Here, We and Re are the
Weber (We ≡ ρD0v2/σ) and Reynolds (Re ≡ ρD0v/η)
number, respectively. For low impact velocities, the
wettability of the surface can also be incorporated into
the droplet spreading model by using the spherical cap
model [2, 4, 22].
While droplets spreading on smooth surfaces has
received ample attention, droplet spreading on fabrics
has not yet been studied extensively, despite its relevance
to fields such as crime scene investigation and the textile
industry. The fabric substrate complicates the physical
picture. For example, absorption of liquid by the yarns
of the fabric due to capillary action (wicking) [23–25]
could heavily influence the long timescale dynamics
of droplet spreading. But even if the droplet is not
absorbed by the fabric yarns, droplet spreading is still
significantly different compared to droplet spreading
on smooth surfaces. For example: recent studies on
monofilament (fabric) meshes have shown that droplets
penetrate through the pores of the mesh if their impact
velocity is high enough, allowing a part of the droplets
to pass through the mesh [26–31]. Several studies also
showed that, at high Weber numbers, from the moment
the fabric or mesh is penetrated, the droplet spreading
ratio on fabrics is significantly lower than expected
from the scaling models used in these studies [29, 30].
Understanding how droplet spreading is influenced by
the liquid penetration of the (fabric) mesh and whether
the pre-existing spreading model of Laan et al. and Lee
et al. could be used to predict droplet spreading on
these fabrics could have significant practical applications
in for example the textile industry [32, 33] and forensic
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2FIG. 1: (a) Microscope image of a plain woven monofilament polyester fabric. (b) Optical image (top) and height
profile (bottom) of a patterned surface as measured with an optical laser microscope (Keyence VK-X1000). The
average measured depth of the holes is equal to 64± 1 micron. Pore size B and pore spacing (or yarn diameter) L
are denoted in both figures.
research [34–36]. For forensic applications, the liquid of
most interest is blood. As a result, it is also important
to determine whether the shear thinning properties
of blood have an influence on droplet spreading. For
droplet impact on smooth surfaces, [1] have shown that
the high shear rate exerted on a droplet during spreading
allows blood to be approximated as a Newtonian fluid
during droplet impact, with a viscosity given by the
high-shear-rate viscosity η∞. In this specific case, the
question is whether the same approximation holds for
droplets spreading over fabric meshes, or that the liquid
penetration of the fabric might lead to some shear
thinning effects that do not occur on a smooth surface.
A final question inspired by real-world experimental
scenarios is how a solid substrate located underneath a
fabric would influence the droplet spreading process.
In this study, we investigate the influence of liquid pen-
etration of fabrics on droplet spreading for plain woven
monofilament polyester meshes. Using high-speed imag-
ing, we show that the aforementioned decrease in droplet
spreading can be ascribed to part of the volume of the
droplet passing through the fabric, in agreement with
earlier studies. We find that, even if the downward flow
of liquid beyond the fabric mesh is blocked by an under-
lying substrate, at high impact velocities (v > 1 m/s),
the droplet spreading ratio is still lower than that of
smooth surfaces. This difference is due to an increased
viscous dissipation inside the droplet during spreading,
as we conclude from combining experimental results and
entropic lattice Boltzmann simulations. These simula-
tions indicate that this increase in viscous dissipation is
due to liquid flow into the pores of the fabric and to the
droplet pushing itself between the fabric and substrate
System Pore size B (µm) Pore spacing L (µm)
Fabric 45 40
Fabric 106 70
Fabric 150 80
Patterned surface 135 76
TABLE I: Pore size and spacing of the fabrics and
patterned surface used.
at velocities above the penetration velocity. We find that
the shear thinning properties influence fabric penetration
but not droplet spreading on top of the fabric, allowing
blood to be approximated as a Newtonian fluid when con-
sidering droplet spreading on top of thin fabric meshes.
II. METHODS
A. Experiments
To measure the spreading ratio of an impacting drop,
a 0.4 mm-diameter blunt-tipped needle was used to
generate droplets with an initial diameter D0 of around
2.3 mm falling from a variable height onto a substrate.
The generated droplets were spherical during free fall,
indicating that the droplets were sufficiently smaller
than the capillary length of a water drop (2.7 mm)
for gravity effects to be neglected in this study. By
systematically changing the height of the needle, the
maximum spreading diameter Dmax was investigated as
a function of the impact velocity vimp using high-speed
imaging with a frame rate between 4004-8100 fps and
spatial resolutions between 11 and 17.7 micron per
3FIG. 2: (a) Schematic representation of the simulation setup showing a droplet above a fabric-like geometry before
impact. Droplet impact was simulated on for geometries representing a smooth surface (not shown), a patterned
surface (b) and fabric (c). The pore size and yarn diameter for the latter two cases correspond to the 150-micron
fabric investigated experimentally (Table I). The fabric (c) was either attached to a substrate or placed above a
substrate with a small gap of around 35 micron.
pixel. Droplet impact measurements were performed on
a stainless steel surface as reference (average roughness
Ra = 0.247 ± 0.007 µm as measured by a Keynece
VK-X1000 laser microscope). As fabrics, single cylindri-
cal polyester fibres were woven in a crisscross pattern,
creating a polyester mesh with rectangular pores (Fig.
1a; Gilson Company Inc.). These single fibre yarn
fabrics were chosen to eliminate any influence of liquid
imbibition by the fabric on droplet spreading. Three
different monofilament polyester fabrics were used,
each with a different pore size and yarn thickness (see
Table I). For the polyester fabrics, droplet impact was
measured on fabrics that were either spanned over a
small gap of roughly 8 mm (fabric without substrate)
or placed on a steel substrate (fabric with substrate).
The fabric was spanned tight both over the gap and
on the substrate to minimise unwanted energy loss due
to fabric movement [29, 37] or any influence of the
tension exerted on the fabric [31]. In this study, it was
assumed that the polyester fibres were rigid and do not
deform during droplet impact. Placing the fabric on
a substrate blocks the downward liquid flow when the
fabric is penetrated, allowing us to investigate the effect
of droplet penetration on droplet spreading. Droplet
impact was also compared between plasma-treated
fabrics and untreated fabrics to investigate the influence
of fabric wettability on droplet spreading. Fabrics were
plasma treated for 6 minutes on both sides to guarantee
that the wettability was increased evenly across the
whole fabric.
Droplet spreading on the fabrics with substrate was
also compared to droplet spreading on a patterned
surface: a steel surface in which rectangular holes were
cut using an electrical discharge machining method [38]
(Fig. 1b). The size, depth and spacing of the holes
were chosen in such a way that the dimensions of the
pores of the patterned surface were similar to that of the
150-micron fabric (see Table I).
For most experiments, demineralised water was
used (density ρ = 998 kg/m3, surface tension σ = 72
mN/m and viscosity η = 1mPa s). Droplet impact
of a 1:1 water-glycerol mixture (ρ = 1124 kg/m3,
σ = 65.75 mN/m and η = 4 mPas) was measured on
both a smooth surface and 150-micron fabric. The
water-glycerol measurements on a smooth surface were
compared to droplet spreading of water on fabric,
while the water-glycerol mixture measurements on the
150-micron fabric were compared with blood spreading
on fabric. These two measurements were compared to
investigate the influence of the shear thinning properties
of blood on droplet spreading. The properties of blood
(ρ = 1055 kg/m3, σ = 59 mN/m and shear rate viscosity
η∞ = 4.8 mPas) were obtained from [1]. Sodium citrate
was added to blood to prevent coagulation during the
experiments. The surface tension of blood was found
to increase with roughly 3 mN/m for a sodium citrate
concentration of 10%. Since the amount of sodium cit-
rate that was added to the blood in this study was small
(∼ 2.5% mass concentration), we assume the change in
surface tension due to the anti-coagulant to be negligible.
4FIG. 3: (a) High-speed images of droplets at maximum spreading on stainless steel (top), fabric with substrate
(middle) and fabric without substrate (bottom) at different impact velocities, increasing from left to right. The pore
size of the fabric depicted here is 150 µm. (b) Measured spreading ratio as function of the impact velocity for fabrics
with pore sizes of 150 micron (red symbols) and 45 micron (green symbols) compared to the droplet spreading ratio
on stainless steel (blue circles), and the theoretical prediction of Lee et al. (Eq. 8) for droplet spreading on smooth
surfaces (black dashed line). The filled and open symbols indicate whether the fabric was placed on a substrate or
suspended in the air, respectively.
B. Simulations
For numerical simulations, the recently tested and val-
idated entropic lattice Boltzmann method for two-phase
flows was used [39]. The numerical implementation
and validation was discussed in more details elsewhere
[40–45]. Below we briefly describe the method together
with a short clarification on the numerical set-up and
simulated parameters used in this study.
For a liquid-vapour system separated by an interface,
the entropic lattice Boltzmann equation reads as:
fi(x+ viδt, t+ δt) = fi(x, t) + αβ [f
eq
i (ρ,u)− fi(x, t)] +
[f eqi (ρ,u+ δu)− f eqi (ρ,u)],
(1)
where fi(x, t) are the discrete populations and vi
(i = 1, , N) denote the discrete velocities correspond-
ing to the underlying lattice structure. The D3Q27
lattice (N = 27) was used for our three-dimensional
simulations. Parameter β (0 < β < 1) was determined
using the kinematic viscosity, ν = c2sδt[1/(2β) − 1/2]
with cs = δx/(
√
3δt) the lattice speed of sound and
δx = δt = 1 as lattice units. The equilibrium popu-
lation feqi was used as the minimizer of the discrete
entropy function H =
∑N
i=1 fi ln(fi/Wi), under the
constraints of local mass and momentum conservations,
{ρ, ρu} = ∑Ni=1{1,vi}{f eqi }, where Wi are the lattice
weights. The stabilizer parameter α defines the maximal
over-relaxation, which is computed from the entropy
estimate equation at each time step for each computa-
tional node [41].
In Eq. 1, the two-phase effects resulting from inter-
molecular forces are present through the velocity incre-
ment δu = (F /ρ)δt, with the force F being the sum of
the fluid-fluid (Ff−f) and fluid-solid interactions (Ff−s).
Phase separation occurs by defining the fluid-fluid inter-
action as Ff−f = ∇ ·
(
ρc2sI − P
)
using the Kortewegs
stress P as,
P =
(
p− κρ∇2ρ− κ
2
|∇ρ|2
)
I + κ(∇ρ)⊗ (∇ρ), (2)
where κ is the coefficient controlling the surface ten-
sion, I the unit tensor and p denotes the non-ideal equa-
tion of state [46], for which the Peng-Rabinson equation
was used [47]. The introduction of a cohesive interaction
through the velocity increment in Eq. 1 leads to the sur-
face tension forces separating the liquid and vapour by
an interface, which maintains the liquid and vapour in an
equilibrium state. The wettability condition is modelled
by taking into account the fluid-solid interaction Ff−s:
Ff−s(x, t) = κwρ(x, t)
N∑
i=1
wis(x+ viδt)vi, (3)
where the strength of the fluid-solid interaction is
reflected by κw. The indicator function s(x + viδt) in
5Eq. 3 is equal to one for solid nodes, but zero otherwise.
wi are the weight coefficients [40].
In the simulation, the droplet (D0 = 2.3 mm) was
initially placed at a certain height above the fabric. As
gravity effects could be neglected in the experiments,
these were also not considered in the simulations.
Both liquid and vapour phases were first initialized
by imposing a zero impact velocity, after which the
simulations were run for a short period of time to
allow the liquid-vapour interface to reach equilibrium.
Then, a uniform impact velocity Vi towards the surface
was imposed on the liquid droplet. The simulated
fluid parameters used were: ρ/ρc = 3.06 (liquid to
critical density ratio), ρv/ρc = 0.028 (vapour to critical
density ratio) and the interfacial surface tension is
σ/pcD0 = 0.0296, corresponding to κ = 0.00468 in
Eq. 2. The critical density ρc was computed at the
critical temperature Tc and critical pressure pc from the
Peng-Rabinson equation of state [47]. Previous studies
have shown that a liquid to vapour density ratio of
around 110 is more than sufficient to correctly capture
the dynamics of droplets impacting on solid substrates
[44, 48]; these are used in this study. The dynamic
viscosity η of the liquid is set according to the Ohnesorge
number (Oh = η/
√
(ρσD0)) for the simulated water
droplet. The pore size B and spacing L (Fig. 2a) are
determined by keeping the aspect ratio of the droplet
diameter to the pore size and pore spacing the same
as in the experiments. The equilibrium solid-liquid
contact angle in simulations is set to ≈ 70◦, comparable
to the contact angle of polyester [49]. The size of the
computational domain was determined using a grid
independence study, giving a domain of 700× 700× 400
grid nodes. Periodic boundary conditions were applied
at the edges, where a wall boundary condition similar
to [40] was used for the top and bottom edges of the
simulations as well as the solid surfaces.
Droplet impact was simulated for multiple surfaces
similar to the surfaces used in the experiments. A smooth
surface was used as a reference. The simulated patterned
surface (Fig.2b) had holes of the same dimensions as the
pores of the 150-micron fabric. The fabric was recreated
in the simulations by weaving rectangular ‘fibres’ in a si-
nusoidal pattern, similar to the plain weave of the fabric
used in the experiments. Droplet impact was simulated
for both a fabric placed on a substrate and a fabric sus-
pended in the air. For the former, droplet impact was
simulated for cases where the fabric was attached to the
substrate (no flow between the fabric and substrate), or
placed above the substrate with a small gap of around
35 micron between the fabric and substrate, allowing for
a flow of liquid between the two. For all simulations,
the simulated ‘fibres’ were considered to be rigid during
droplet impact.
III. RESULTS AND DISCUSSION
A. Droplet impact and fabric penetration
Figure 3a shows high-speed images of a water droplet
at maximum spreading on stainless steel (top row),
fabrics with substrate (middle row) and fabric without
a substrate (bottom row). Similar to earlier studies
[29, 30], the droplet penetrates through the fabric
without a substrate when the impact velocity is high
enough. Consequently, the measured droplet spreading
ratio (Fig.3b) of fabrics with and without substrate
starts to deviate at the moment the droplet penetrates
the fabric. The penetration velocity of the fabric is
dependent on the pore size, where the penetration
velocity of the 45 micron and 150 micron fabric found in
this study are 1.5±0.1 m/s and 0.8±0.1 m/s, respectively.
A droplet can only penetrate a hydrophobic fabric (or
mesh) when the dynamic pressure the droplet exerts on
the fabric (∼ ρv2) is high enough to overcome the re-
sisting capillary pressure (∼ 4σ/B) of the pores. Ryu et
al. showed that it is possible to calculate the penetration
velocity vp at which a mesh is penetrated by balancing
these pressures [27]:
vp =
√
4σ
C0ρB
, (4)
where C0 is a proportionality constant, which is equal
to 2.78 for plain woven meshes with rectangular pores
[27]. Using this equation, we find penetration velocities
of around 1.52 m/s and 0.83 m/s for the 45 micron
and 150 micron fabrics, respectively, agreeing very well
with the penetration velocity determined from the drop
impact measurements. Thus, the liquid penetration of
the fabric indeed has a significant influence on droplet
spreading spreading, in agreement with previous studies.
Fabric penetration by the droplet is also dependent on
the wettability of the fabric [50–52]. The low wettability
of the fibres leads to the capillary pressure inside
the pore that resists the droplet pushing through the
fabric. If the wettability of the fibres is increased, fabric
penetration by the liquid is made easier as the capillary
pressure disappears.
The effect of fabric wettability on the capillary
pressure can be observed when a droplet is gently placed
on the untreated fabric (Fig. 4a) or plasma treated
fabric (Fig. 4b). For the untreated fabric, the capillary
pressure resulting from the low fibre wettability keeps
the droplet on top of the fabric, resulting in a high
contact angle on the fabric (116◦ ± 3◦) droplet. When
the wettability of the fibres is increased with the plasma
treatment, the capillary pressure disappears and allows
the droplet to pass through the pores and wet both
sides of the fabric. The resulting contact angle of the
6FIG. 4: Gently deposited water droplet at mechanical equilibrium on untreated (low wettability) (a) and plasma
treated (high wettability) (b) 106-micron fabrics suspended in the air. (c) Measured spreading ratio on
plasma-treated (hydrophilic; open symbols) and untreated (hydrophobic; filled symbols) 106-micron fabrics. Fabrics
were placed on a substrate (purple triangles) or spanned over a small gap of air (green squares).
top part of the droplet is significantly lower (38◦ ± 3◦)
compared to the untreated fabric. Do note that these
fabric contact angle are not equal to the contact angle
of the polyester fibres, which could not be measured
in this study. However, these images do show that the
plasma treatment significantly changes the wettability
of the fabric, which has a significant influence on how
the droplet interacts with the fabric.
The change in wettability by the plasma treatment
also influences droplet spreading on top of the fabric.
First, increasing the wettability of the fabric increases the
droplet spreading ratio at low impact velocities, both for
the fabrics with and without substrates (Fig. 4c). This
is a similar effect that is observed when the wettability
is increased for smooth surfaces [4]. The second wetta-
bility effect on droplet spreading is that it reduces the
droplet spreading ratio on plasma-treated fabrics with-
out substrate (open green squares in Fig. 4) compared to
the droplet spreading ratio on untreated fabrics without
substrate (filled green squares). Comparing high-speed
videos of the untreated fabric and plasma treated fabric
(Movies 1 and 2 in the Supplementary Material, respec-
tively) reveals that the increased wettability results in
more liquid being pushed through the fabric. It is likely
that the larger amount of liquid passing through the fab-
ric reduces the droplet spreading ratio as less volume is
left on top of the fabric to spread outwards.
A reduction in droplet volume on top of the fabric influ-
ences the spreading difference between fabrics with and
without substrate underneath. Due to the volume re-
duction, the initial diameter D0 overestimates the actual
liquid volume spreading on top of the fabric, decreasing
the droplet spreading ratio. To correct for this volume
loss, we experimentally estimate the liquid volume that
penetrates the (untreated) fabric. Assuming that the liq-
uid underneath the fabric takes the shape of a paraboloid
(Fig. 5a), the volume of the penetrated liquid Vpen can
be estimated from the images by determining the base
radius a and height h of the paraboloid:
Vpen =
pi
2
a2h (5)
By subtracting Vpen from the volume of the droplet,
an adjusted initial diameter D∗0 can be determined, and
with it the volume-corrected spreading ratio:
Dmax
D∗0
=
Dmax
3
√
D30 − a2 h
(6)
Using the above equation, the volume loss corrected
spreading ratio (grey symbols; Fig. 5b and 5c) on both
the 150 micron (Fig. 5b) and 45 micron (Fig. 5c)
fabrics without substrate is determined for every drop
impact measurement above the penetration velocity.
The volume correction for both fabrics works very
well, as the spreading ratios of the fabric with and
without substrate become comparable after the volume
correction is applied. For the 45-micron fabric, we
still observe a slightly lower spreading ratio for fabrics
without substrate after the volume correction. This is
likely due to the liquid below the fabric attaining an
irregular shape when it coalesces underneath the fabric,
7FIG. 5: (a) Photograph of liquid penetrating a fabric without substrate with the white line a paraboloid of base
radius a and height h. (b,c) Spreading ratios as a function of impact velocity for 150 (b) and 45 (c) micron pore-size
fabrics with and without substrate, with the latter values also corrected for liquid loss due to fabric penetration using
Eq. (6) (grey symbols). (d) Spreading ratios for a smooth reference surface (blue symbols) and a 150-micron fabric
with substrate, both without (red diamonds) and with (grey squares) correction for the volume lost inside the pores.
making the volume estimation with a paraboloid less
accurate for the 45-micron fabric. Nevertheless, these
results show that the difference in spreading for fabric
with and without substrate is fully determined by the
loss of liquid when the droplet penetrates the fabric.
If the droplet impacts a fabric without a substrate fast
enough, the penetrating liquid moves too fast to coalesce
underneath the fabric and liquid remains separated as
liquid ‘fingers’ instead. These fingers subsequently break
up into many droplets, resulting in a spray where the
droplets that are on the order of 100 microns in size (Fig.
3a; bottom right). Droplet fragmentation below a mesh
in itself is a fascinating phenomenon, attracting interest
due to several recent studies as it could be used as a novel
method to create sprays [26, 28], although it was recently
shown that it currently performs poorly compared to
other atomisation methods [31]. As the main focus of
this study lies on droplet spreading on top of the fab-
rics however, droplet fragmentation is not discussed here.
Being able to correct for the volume loss during
droplet spreading on fabrics without substrate, we can
now compare droplet spreading on fabrics with droplet
spreading on smooth surfaces (Fig. 3b). At low impact
velocities (v < 1 m/s), no significant difference can be
observed between droplets spreading on fabrics with
substrate and smooth surfaces. For high velocity droplet
impacts (v > 1 m/s) however, the droplet spreading
ratio on the fabrics with substrates is significantly lower
compared to the droplet spreading ratio on the smooth
surface. This deviation increases with increasing pore
size.
We next investigate whether this difference in spread-
ing is also due to a loss of liquid volume, as part of the
droplet is used to fill up the pores of the fabric. With the
assumptions that the pores are rectangular (with volume
of B2L) and that all pores underneath the droplet at
maximum spreading are filled, it is possible to estimate
the total droplet volume loss on the fabric with substrate
at maximum spreading, assuming there is no gap between
the fabric and substrate:
Vpen = NpVp =
pi
4
Dmax
B2L
(B + L)
2 , (7)
where Np is the number of filled pores and Vp is the
volume of a single pore. Correcting the volume loss
using Eqs (6) and (7) shows that the lost volume is too
small to account for the difference in spreading between
a fabric with substrate and smooth surfaces. (Fig.
5d). Thus, the difference in the droplet spreading ratio
between the smooth surfaces and fabrics has to be due
to a different mechanism entirely.
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FIG. 6: (a) Measured spreading ratio for water impacting a stainless steel surface (blue circles) and a 150 µm pore
size fabric with substrate (red diamonds) compared to the measured spreading ratio of a 1:1 water-glycerol mixture
(4 times the viscosity of water) impacting stainless steel. The dashed and dotted lines are the best fits of the
theoretical predictions of Lee et al. for water and water glycerol mixture impacting stainless steel, respectively. (b)
Measured droplet diameter at v ≈ 1.25 m/s as a function of time from the moment of impact (t = 0) for the surfaces
shown in (a) and (c), rescaled with Dmax. (c) Measured droplet spreading ratio on stainless steel (blue circles),
patterned surface (purple triangles) and 150 micron fabric with substrate.
B. Viscous dissipation
As mentioned earlier, the kinetic energy of an impact-
ing droplet during spreading is either transformed into
surface energy or dissipated by the viscous forces inside
the droplet. Eggers et al., Laan et al. and Lee et al.
found a relation between the droplet spreading ratio and
the impact velocity and fluid properties by interpolat-
ing between the capillary regime (∝ We1/2) and viscous
regime (∝ Re1/5) using a first-order Pade´ approximant
[1, 18], which was modified by [2] to account for low im-
pact velocity droplet spreading:
(
Dmax
D0
)2
− β20 =
We1/2
7.6 + We1/2
Re1/5. (8)
Here, β0 is defined as the value of the maximum
spreading ratio at zero impact velocity, which is depen-
dent on the liquid surface tension and surface wettability
[2, 4]. The above equation shows very good agreement
with our experimental data for water droplets impacting
the smooth surface (black line in Fig. 3b, where β0 was
used as a fitting parameter). Lee et al. also showed that
the droplet spreading ratio at high impact velocities
decreases when the viscosity of the liquid is increased, as
viscous losses become more important at higher impact
velocities. We investigate the role of liquid viscosity by
comparing the droplet spreading ratio of a water-glycerol
mixture impacting a smooth surface (η = 4 mPas; or-
ange squares in Fig. 6a) to that of a water droplet
impacting a 150-micron fabric (Fig. 6a). Interestingly,
the spreading curves are similar. These measurements
suggest that changing the smooth surface to a fabric has
an equivalent effect on droplet spreading as increasing
the viscosity of the fluid does. The best fit of Eq. (8) for
the water-glycerol mixture also predicts the measured
spreading ratio on fabrics well, allowing to determine the
the spreading dynamics of water on a fabric substrate
by using an ‘effective’ viscosity higher than the viscosity
of the liquid. Furthermore, the spreading dynamics of a
droplet between the moment of impact and maximum
spreading for all liquids and surfaces studied here are
similar when the droplet spreading diameter D(t) is
rescaled with the maximum spreading diameter (Fig.
6a). A droplet reaches maximum spreading at roughly
2.8 ± 0.2 ms after impact, irregardless of its viscosity
or the surface it spreads over. Thus, any changes
in the droplet spreading ratio are fully governed by
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FIG. 7: Measured spreading ratio of a 1:1
water-glycerol mixture (η = 4 mPas; orange squares)
and blood (η∞ = 4.8 mPas; red triangles) on a
150-micron fabric with and without substrate (filled and
open symbols, respectively).
the maximum spreading diameter of the droplet. We
hypothesise that the smaller droplet spreading ratio on
fabrics are due to an increase in viscous losses inside the
droplet when it spreads over the fabric.
A likely candidate for the increased viscous dissipation
inside a droplet are the pores of the fabric: when a
droplet spreads over a surface, liquid enters the pores
underneath until they are full, where the liquid in the
pore comes to a full stop and the kinetic energy is
dissipated by the viscous forces. If that would be true,
droplet spreading on fabrics with substrate should be
similar to droplet spreading on a patterned surface.
We find that this is not the case (Fig. 6c). Although
droplet spreading on the patterned surface and 150
micron fabric are similar at first, the droplet spreading
ratio of the patterned surface diverges from that of
the fabric at high impact velocities. At high impact
velocities, the droplet spreading ratio on the patterned
surface becomes comparable to the droplet spreading
ratio on smooth surfaces, which could be caused by the
droplet spreading too fast for the liquid to move into
the pores and push the air out, resulting the droplet to
spread over the air pockets instead of filling the pores,
limiting the influence of the pores on droplet spreading.
However, whether this is true cannot be concluded with
the results presented here. Interestingly however, the
droplet spreading ratios of both fabric with substrate
and patterned surface starts to deviate at the moment
the impact velocity is higher than the penetration
velocity of the 150 micron fabric (0.8 ± 0.1 m/s). We
thus propose that the substrate underneath the fabric
blocks the downward flow of the fluid and redirects the
fluid in between the fabric and substrate due to the
pores of the fabric being connected. So not only does
the droplet loses energy due to the pores of the fabric,
the viscous losses that could be caused by the droplet
pushing itself between the fabric and substrate also have
to be taken into account.
C. Blood droplet impact
Before discussing the viscous losses inside droplets
impacting a fabric mesh, droplet spreading of blood
is discussed first. If the shear thinning properties of
blood are indeed important for droplet spreading on
fabrics, these properties should be taken into account
for the viscous losses inside a droplet. Comparing the
spreading ratio of blood (Fig. 7, red triangles) and
the water-glycerol mixture (orange squares), which
has a viscosity similar to the high shear rate viscosity
η∞ of blood, reveals two interesting features. First,
the spreading ratios on fabric as a function of impact
velocity of blood and the water-glycerol mixture (red
triangles and orange square, respectively) are roughly
similar. This observation is in line with that of [1] for the
same liquids spreading on a smooth surface. Secondly,
the penetration velocity, which is the impact velocity at
which the spreading curves with and without a surface
underneath the fabric start deviating from each other,
is different for the two liquids. For the water-glycerol
mixture, it is around 1 m/s (higher than the penetration
velocity of water) and for blood 1.5 m/s.
This suggests that blood penetrates the fabric less
than its Newtonian counterpart. When a liquid pushes
through a constriction, not only are the shear stresses
important but also the elongational stresses applied on
the liquids. While blood shows non-Newtonian viscous
behaviour when it is sheared (e.g. a spreading droplet),
studies have shown that it also exhibits viscoelastic be-
haviour when subjected to elongational stresses [53–55].
This viscoelastic behaviour in the extensional flow could
cause more resistance against fabric penetration, lead-
ing to the increased penetration velocity observed in this
study. As the viscoelastic behaviour in the extensional
flow of blood only results in a decrease in the amount
of liquid pushing through the fabric, it has no influence
on the droplet spreading ratio after the spreading ratio
is corrected for the volume loss due to the liquid pene-
tration of the fabric. Thus we conclude that blood not
only spreads like a Newtonian fluid on smooth surfaces
[1], but on fabrics as well.
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FIG. 8: Simulation results. (a-d) Cross sections of droplets impacting on a smooth surface (a1-4), a patterned
surface (b1-4), fabric on a substrate without a gap (c1-4) and with a gap (d1-4) at four subsequent times from the
moment of impact to maximum spreading (from left to right). The impact velocity of each droplet is equal to 1.25
m/s. The colour scale qualitatively depicts the amount of viscous dissipation inside the droplet, from white (low
viscous dissipation) to blue (high viscous dissipation). (e) Ratio of the total dissipated energy with the total energy
of the system of a spreading droplet on a smooth surface (blue bar), patterned surface (purple) and fabric without
(yellow) and with a gap between the fabric and substrate (red). The total viscous dissipation is determined from the
moment of impact up to maximum spreading. (f) Comparison between the measured spreading ratio determined
from experiments (coloured symbols) and fabric with gap simulations (grey symbols) for the smooth surface (circles)
and 150-micron fabric (diamonds) (g) Comparison of the experiments and simulations of droplet spreading on a
patterned surface.
D. Droplet impact simulations
To determine whether the viscous dissipation inside a
spreading droplet is higher when spreading over a fab-
ric, the viscous losses inside the droplet during spread-
ing were determined using an entropic lattice Boltzmann
simulation method. With these simulations, the liquid
flow velocity v can be calculated inside the droplet during
spreading, which subsequently can be used to determine
the dissipation function for each simulation time step Φ
inside the droplet by calculating the shear rate in each
grid node i, j:
Φ =
µ
2
(
∂vi
∂xj
+
∂vj
∂xi
)2
(9)
The viscous losses inside the droplet during spreading
on each simulated surface are shown in Fig. 8. For
smooth surfaces, the majority of the viscous dissipation
takes place at the interface between the spreading
droplet and surface (panels a1-a4). This is expected as
the surface generates a significant shear stress inside
the liquid during spreading. For the patterned surface
(b1-b4) and the fabric attached to the substrate (c1-c4),
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FIG. 9: (a) Viscous dissipation inside a droplet impacting (v = 1.4 m/s) on a fabric without substrate shown from
the moment of impact (t = 0) to maximum spreading. The colour scale gives a qualitative depiction of the viscous
dissipation from white (low viscous dissipation) to blue (high viscous dissipation). (b) Comparison between
experiments (red diamonds) and simulations (black diamonds) of water droplet spreading on fabrics without
substrate.
the viscous dissipation on top of the surface is similar
to that of the smooth surface, but there are additional
viscous losses inside the pores, caused by the liquid flow
filling the pores until they are filled completely. When
there is a gap between the fabric and substrate (d1-d4),
the liquid is pushed between the fabric and substrate by
the solid substrate, leading to viscous losses the moment
the liquid pushes itself between the fibres of the fabric
and the substrate.
For each simulated surface, the total energy lost due
to viscous dissipation Eφ inside the spreading droplet
is determined by summing all viscous losses inside the
droplet from the moment of impact up to the moment
the droplet reaches maximum spreading. Eφ is then
normalised with the droplet’s total energy Etot (Fig.
8e). On a smooth surface (blue bar), a water droplet
loses around 16 percent of its kinetic energy due to
viscous forces during impact. The viscous losses for the
patterned surface (purple bar) are significantly higher,
indicating that the flow inside the pores indeed leads to
an increase of viscous losses. Furthermore, the similar
viscous dissipation for the patterned surface and fabric
that is attached to the surface (no connection between
the pores; yellow bar) suggests that the additional
surface roughness caused by the weaving of the fabric
has no significant influence on the viscous dissipation
inside the droplet and hence on the process of droplet
spreading. However, as we only considered a single type
of fabric weaving in this study, no definite conclusion
can be given. Finally, if the fabric is detached from the
substrate, and liquid is allowed to flow in between the
fabric and substrate, the viscous dissipation inside the
droplet (red bar) significantly increases compared to the
patterned surface.
To determine whether the lower spreading ratios on
fabrics are indeed caused by the extra viscous losses in-
side the droplet, the droplet spreading ratio were deter-
mined for the simulated smooth surface, patterned sur-
face and fabric with a gap. We find that the simulated
droplet spreading ratio (Fig. 8f) and the experimental
measurements (Fig. 8g) agree very well. For the smooth
surface, the simulated spreading ratio is slightly higher
in the low impact velocity regime. However, the contact
angle of the liquid on the simulated smooth surface was
lower (θ = 70◦) compared to that of the stainless steel
surface (θ = 80◦) used in the experiment. Low impact
velocity spreading is dependent on the wettability of the
surface [4], and thus the higher spreading ratio for the
simulation is most likely be due to the lower contact an-
gle used in the simulations.
The experimental droplet spreading ratio of the
patterned surface is described well by the simulations
of a smooth patterned surface (Fig. 8g) as well. The
experimental droplet spreading ratio on fabric with
a substrate only agrees well with the simulations for
the fabric with a gap (Fig. 8f), indicating that the
viscous dissipation inside the flow between fabric and
substrate is indeed important during droplet impact
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on fabrics. The simulated droplet spreading ratios for
both the patterned surface and fabric with a gap seem
to deviate from experiments at the highest simulated
impact velocity. However, this deviation is relatively
small and is probably caused by errors due to being
at the impact velocity limit that can be simulated
with the simulation method used here. Also note that
the simulations only considers interactions between the
liquid and its vapor, but not the interactions between the
liquid and any surrounding gas. It is thus possible that
the deviation between the simulations and experiment
for the patterned surface could also originate from the
droplet spreading over the air pockets inside the pores
of the patterned surface in the experiments, which
cannot be simulated with the used simulation method.
However, as these deviations between experiments and
simulations happen at the maximum impact velocity
limit of the simulation method, no definite conclusion
cannot be given. However, the good agreement between
the measured and simulated droplet spreading ratios
confirms that the difference in spreading on smooth
surfaces and fabrics is indeed due to an increase in
viscous losses, which is caused by both the flow into
the fabrics pores and the flow in between the fabric and
substrate.
The increase in viscous dissipation during droplet
impact is not only observed for fabrics with substrate,
but also for fabrics without substrates underneath. For
droplet impact simulations on fabrics without substrate
(Fig. 9a), the extra viscous dissipation originates from
the downward flow of the fluid. The liquid pushes itself
through the pores in columns that coalesce, leading to
the extra viscous dissipation underneath the fabric. The
viscous losses inside a droplet pushing through the fabric
without a substrate has a significantly higher viscous
dissipation (Eϕ/Etot = 0.43) compared to that of a
droplet spreading on a smooth surface (Eϕ/Etot = 0.16).
The viscous dissipation for the fabric without substrate
is also higher compared to the viscous losses for the
fabric with a gap (Eϕ/Etot = 0.27), although this
can be partly ascribed to the impact velocity being
higher for the droplet impact simulation of the fabric
without substrate (v = 1.4 m/s) compared to that of the
simulations on the fabric with substrate (v = 1.25 m/s).
The spreading ratios obtained from the simulations are
slightly lower than those of the experiments (Fig. 9b)
but still agree well. These measurements show that the
extra viscous losses also occur inside the droplet during
spreading over fabrics without a substrate.
IV. CONCLUSION
In this study, we investigated the influence of the
fabric penetration by the liquid on droplet spreading
on monofilament polyester fabrics. Using high-speed
imaging, we showed that the droplet spreading ratio is
influenced by the penetration of the fabric. By applying
a volume correction on the droplet spreading ratio on
fabrics without substrate, we show that the difference in
spreading between fabrics with and without substrate
is caused by fabric penetration in the form of liquid
volume loss, in agreement with earlier studies. By
comparing experiments with entropic lattice Boltzmann
simulations, we show that the lower droplet spreading
ratio on fabrics at high impact velocities is due to
increased viscous losses inside the droplet, of which
a significant part originates from the droplet pushing
itself through the fabric or in between the fabric and
substrate during droplet spreading. Finally, although
there is a difference in the penetration dynamics for
blood, we show that blood can still be approximated as
a Newtonian fluid during droplet spreading on fabrics.
Our study shows that droplet spreading is significantly
influenced by the fabric geometry for even the most sim-
ple of fabrics. For applications such as ink-jet printing on
textiles, these results could be important: they show that
an ink droplet needs to hit the fabric at a higher impact
velocity compared to smooth surfaces to cover the same
area of fabric. However, our results also show that if the
impact velocity becomes too large, the ink can push itself
through the fabric and spread out in between the fabric
and substrate as well, which can have undesirable effects
on the other side of the fabric. Our results also show that,
although it is currently not possible to fully determine
the total viscous dissipation during droplet spreading on
fabrics beforehand, the effect on droplet spreading can
be accounted for in the pre-existing spreading model on
smooth surfaces with an‘effective’ viscosity that is higher
than the actual viscosity of the fluid. The actual value of
this effective viscosity is dependent on the fabric geome-
try and the liquid that spreads over the fabric. Finally,
our conclusion that blood spreads similar to a Newto-
nian fluid on these simple fabrics implies it is still possi-
ble to use the spreading model to find a relation between
the size of the bloodstain and the impact velocity of the
droplet spreading on a fabric, something that was only
currently possible for blood droplets spreading on smooth
surfaces.
ACKNOWLEDGEMENTS
A.M.M., D.D., and J.C. acknowledge the support
by the Swiss National Science Foundation (Project no.
200021 175793). The computational resources were pro-
vided by the Swiss National Supercomputing Center
(CSCS) under project number s823.
13
[1] Laan, N., de Bruin, K. G., Bartolo, D., Josserand, C.
& Bonn, D. Maximum diameter of impacting liquid
droplets. Physical Review Applied 2, 044018 (2014).
[2] Lee, J. B. et al. Universal rescaling of drop impact on
smooth and rough surfaces. Journal of Fluid Mechanics
786, R4 (2015).
[3] Wildeman, S., Visser, C. W., Sun, C. & Lohse, D. On the
spreading of impacting drops. Journal of fluid mechanics
805, 636–655 (2016).
[4] de Goede, T. C., de Bruin, K. G., Shahidzadeh, N. &
Bonn, D. Predicting the maximum spreading of a liquid
drop impacting on a solid surface: Effect of surface ten-
sion and entrapped air layer. Physical Review Fluids 4,
053602 (2019).
[5] Riboux, G. & Gordillo, J. M. Experiments of drops im-
pacting a smooth solid surface: A model of the critical
impact speed for drop splashing. Physical review letters
113, 024507 (2014).
[6] de Goede, T. C., Laan, N., de Bruin, K. G. & Bonn, D.
Effect of wetting on drop splashing of newtonian fluids
and blood. Langmuir 34, 5163–5168 (2017).
[7] Quetzeri-Santiago, M. A., Yokoi, K., Castrejo´n-Pita,
A. A. & Castrejo´n-Pita, J. R. Role of the Dynamic Con-
tact Angle on Splashing. Physical Review Letters 122,
228001 (2019).
[8] Kolinski, J. M., Mahadevan, L. & Rubinstein, S. Drops
can bounce from perfectly hydrophilic surfaces. EPL
(Europhysics Letters) 108, 24001 (2014).
[9] de Ruiter, J., Lagraauw, R., van den Ende, D. & Mugele,
F. Wettability-independent bouncing on flat surfaces me-
diated by thin air films. Nature physics 11, 48–53 (2015).
[10] de Ruiter, J., van den Ende, D. & Mugele, F. Air cushion-
ing in droplet impact. ii. experimental characterization of
the air film evolution. Physics of Fluids (1994-present)
27, 012105 (2015).
[11] Xu, L., Zhang, W. W. & Nagel, S. R. Drop splashing on
a dry smooth surface. Physical review letters 94, 184505
(2005).
[12] San Lee, J., Weon, B. M., Je, J. H. & Fezzaa, K. How
does an air film evolve into a bubble during drop impact?
Physical review letters 109, 204501 (2012).
[13] Kolinski, J. M. et al. Skating on a film of air: drops im-
pacting on a surface. Physical review letters 108, 074503
(2012).
[14] Kolinski, J. M., Mahadevan, L. & Rubinstein, S. M. Lift-
off instability during the impact of a drop on a solid sur-
face. Physical review letters 112, 134501 (2014).
[15] Sprittles, J. E. Air entrainment in dynamic wetting:
Knudsen effects and the influence of ambient air pres-
sure. Journal of Fluid Mechanics 769, 444481 (2015).
[16] Sprittles, J. E. Kinetic effects in dynamic wetting. Phys-
ical Review Letters 118, 114502 (2017). URL https://
link.aps.org/doi/10.1103/PhysRevLett.118.114502.
[17] Range, K. & Feuillebois, F. Influence of surface roughness
on liquid drop impact. Journal of Colloid and Interface
Science 203, 16–30 (1998).
[18] Eggers, J., Fontelos, M. A., Josserand, C. & Zaleski, S.
Drop dynamics after impact on a solid wall: theory and
simulations. Physics of Fluids 22, 062101 (2010).
[19] Collings, E. W., Markworth, A. J., McCoy, J. K. & Saun-
ders, J. H. Splat-quench solidification of freely falling
liquid-metal drops by impact on a planar substrate. Jour-
nal of Materials Science 25, 3677–3682 (1990).
[20] Madejski, J. Solidification of droplets on a cold surface.
Int. J. Heat Mass Transfer 19, 1009 – 1013 (1976).
[21] Roisman, I. V., Rioboo, R. & Tropea, C. Normal impact
of a liquid drop on a dry surface: model for spreading and
receding. Proc. R. Soc. London, Ser. A 458, 1411–1430
(2002).
[22] Berthier, E. & Beebe, D. J. Flow rate analysis of a surface
tension driven passive micropump. Lab on a Chip 7,
1475–1478 (2007).
[23] Kissa, E. Wetting and wicking. Textile Research Journal
66, 660–668 (1996).
[24] Nyoni, A. & Brook, D. Wicking mechanisms in yarnsthe
key to fabric wicking performance. Journal of the Textile
Institute 97, 119–128 (2006).
[25] Benltoufa, S., Fayala, F. & BenNasrallah, S. Capil-
lary rise in macro and micro pores of jersey knitting
structure. Journal of Engineered Fibers and Fabrics 3,
155892500800300305 (2008).
[26] Brunet, P., Lapierre, F., Zoueshtiagh, F., Thomy, V. &
Merlen, A. To grate a liquid into tiny droplets by its im-
pact on a hydrophobic microgrid. Applied Physics Letters
95, 254102 (2009).
[27] Ryu, S., Sen, P., Nam, Y. & Lee, C. Water penetration
through a superhydrophobic mesh during a drop impact.
Physical review letters 118, 014501 (2017).
[28] Soto, D. et al. Droplet fragmentation using a mesh. Phys-
ical Review Fluids 3, 083602 (2018).
[29] Kumar, A., Tripathy, A., Nam, Y., Lee, C. & Sen, P.
Effect of geometrical parameters on rebound of impacting
droplets on leaky superhydrophobic meshes. Soft matter
14, 1571–1580 (2018).
[30] Zhang, G., Quetzeri-Santiago, M. A., Stone, C. A.,
Botto, L. & Castrejo´n-Pita, J. R. Droplet impact dy-
namics on textiles. Soft matter 14, 8182–8190 (2018).
[31] Kooij, S. et al. Sprays from droplets impacting a mesh.
Journal of Fluid Mechanics 871, 489–509 (2019).
[32] Ujiie, H. Digital printing of textiles (Woodhead Publish-
ing, 2006).
[33] Fangueiro, R., Filgueiras, A., Soutinho, F. & Meidi,
X. Wicking behavior and drying capability of functional
knitted fabrics. Textile Research Journal 80, 1522–1530
(2010).
[34] Williams, E. M., Dodds, M., Taylor, M. C., Li, J. &
Michielsen, S. Impact dynamics of porcine drip blood-
stains on fabrics. Forensic science international 262,
66–72 (2016).
[35] de Castro, T. C., Taylor, M. C., Kieser, J. A., Carr, D. J.
& Duncan, W. Systematic investigation of drip stains
on apparel fabrics: The effects of prior-laundering, fibre
content and fabric structure on final stain appearance.
Forensic science international 250, 98–109 (2015).
[36] Li, X., Li, J. & Michielsen, S. Effect of yarn structure
on wicking and its impact on bloodstain pattern analysis
(bpa) on woven cotton fabrics. Forensic science interna-
tional 276, 41–50 (2017).
[37] Chantelot, P., Coux, M., Clanet, C. & Que´re´, D. Drop
trampoline. EPL (Europhysics Letters) 124, 24003
(2018).
14
[38] Ho, K. & Newman, S. State of the art electrical dis-
charge machining (edm). International Journal of Ma-
chine Tools and Manufacture 43, 1287–1300 (2003).
[39] Mazloomi Moqaddam, A., Chikatamarla, S. S. &
Karlin, I. V. Entropic lattice boltzmann method
for multiphase flows. Phys. Rev. Lett. 114, 174502
(2015). URL https://link.aps.org/doi/10.1103/
PhysRevLett.114.174502.
[40] Mazloomi Moqaddam, A., Chikatamarla, S. S. & Kar-
lin, I. V. Entropic lattice boltzmann method for mul-
tiphase flows: Fluid-solid interfaces. Phys. Rev. E 92,
023308 (2015). URL https://link.aps.org/doi/10.
1103/PhysRevE.92.023308.
[41] Mazloomi Moqaddam, A. Entropic Lattice Boltzmann
Method for Two-Phase Flows. Ph.D. thesis, ETH
Zurich (2016). URL https://books.google.ch/books?
id=JSJWnQAACAAJ.
[42] Mazloomi Moqaddam, A., Chikatamarla, S. S. & Karlin,
I. V. Simulation of droplets collisions using two-phase
entropic lattice boltzmann method. Journal of statistical
physics 161, 1420–1433 (2015).
[43] Mazloomi Moqaddam, A., Chikatamarla, S. S. & Karlin,
I. V. Simulation of binary droplet collisions with the
entropic lattice boltzmann method. Physics of Fluids
28, 022106 (2016). URL https://doi.org/10.1063/1.
4942017. https://doi.org/10.1063/1.4942017.
[44] Mazloomi Moqaddam, A., Chikatamarla, S. S. & Karlin,
I. V. Drops bouncing off macro-textured superhydropho-
bic surfaces. Journal of Fluid Mechanics 824, 866–885
(2017).
[45] Mazloomi Moqaddam, A., Derome, D. & Carmeliet,
J. Dynamics of contact line pinning and depinning of
droplets evaporating on microribs. Langmuir 34, 5635–
5645 (2018).
[46] Slemrod, M. Dynamic phase transitions in a van der
waals fluid. Journal of Differential Equations 52, 1 – 23
(1984). URL http://www.sciencedirect.com/science/
article/pii/002203968490130X.
[47] Yuan, P. & Schaefer, L. Equations of state in a lat-
tice boltzmann model. Physics of Fluids 18, 042101
(2006). URL https://doi.org/10.1063/1.2187070.
https://doi.org/10.1063/1.2187070.
[48] Chantelot, P. et al. Water ring-bouncing on repellent
singularities. Soft Matter 14, 2227–2233 (2018). URL
http://dx.doi.org/10.1039/C7SM02004J.
[49] Hsieh, Y.-L. & Cram, L. A. Enzymatic hydrolysis to im-
prove wetting and absorbency of polyester fabrics. Textile
Research Journal 68, 311–319 (1998).
[50] Kota, A. K., Kwon, G., Choi, W., Mabry, J. M. & Tuteja,
A. Hygro-responsive membranes for effective oil–water
separation. Nature communications 3, 1025 (2012).
[51] Park, K.-C., Chhatre, S. S., Srinivasan, S., Cohen, R. E.
& McKinley, G. H. Optimal design of permeable fiber
network structures for fog harvesting. Langmuir 29,
13269–13277 (2013).
[52] Hou, X., Hu, Y., Grinthal, A., Khan, M. & Aizenberg, J.
Liquid-based gating mechanism with tunable multiphase
selectivity and antifouling behaviour. Nature 519, 70
(2015).
[53] Brust, M. et al. Rheology of human blood plasma: Vis-
coelastic versus newtonian behavior. Physical review let-
ters 110, 078305 (2013).
[54] Campo-Dean˜o, L., Dullens, R. P., Aarts, D. G., Pinho,
F. T. & Oliveira, M. S. Viscoelasticity of blood and vis-
coelastic blood analogues for use in polydymethylsiloxane
in vitro models of the circulatory system. Biomicroflu-
idics 7, 034102 (2013).
[55] Kar, S., Kar, A., Chaudhury, K., Maiti, T. K. &
Chakraborty, S. Formation of blood droplets: Influ-
ence of the plasma proteins. ACS omega 3, 10967–10973
(2018).
